Radio over fiber (RoF) 
Introduction
In order to meet the increasing user bandwidth demands and mobility, wireless networks using radio over fiber (RoF) technology have been suggested as a promising solution. Because of the huge amount of license-free spectrum around 60 GHz, much of the research in this field was concentrated on components for this frequency band [3] - [6] . The properties of millimeter waves, however, are quite different from those in the usual wireless LAN (WLAN) bands (2.4 or 5 GHz). The size of the picocells is limited to at most a room in an indoor environment, thus leading to a very large number of base stations (BS) and frequent handovers of mobile hosts (MH) between cells. In result one can observe the continuation of a trend: higher and higher bit rates in ever smaller cells. For medium access control (MAC) protocol design this means that less effort has to be paid on "squeezing out the last bit" of the channel in exchange for an efficient handover support. While handovers are rather rare events in a GSM or conventional WLAN environment, even a slight movement inside a building may provoke a handover in a 60 GHz RoF network. Moreover, as will be clear later due to the unknown propagation delay between the control station (CS) and BSs and high data rate Ethernet-like MAC protocol is not appropriate. In this paper, a MAC protocol for a RoF WLAN system is proposed that aims at the support of fast and easy handover, while hiding most of the complexity of the system from the MH. A mechanism to support QoS requirements is also provided. The MAC protocol is based on frequency switching (FS) codes. Adjacent picocells employ orthogonal FS codes to avoid possible co-channel interference. This mechanism allows a MH to stay tuned to its frequency during handover, which is a major characteristic of the proposed MAC protocol. The paper starts with a brief discussion of options in the physical layer. In section 3 operations of the proposed MAC protocol are described. Its major parameters and some constraints on them are discussed in section 4. Section 5 summarizes the work.
Options in the Physical Layer
In the last years, the 60 GHz band received much attention because a large spectrum has been allocated worldwide (3-5 GHz) for short-range wireless local communication [1] . In a building, every room has to be equipped with its own BS, because the millimeterwave cannot penetrate normal size walls. Thus, development of cost-effective BSs is essential for the success of the system.
Recently, a lot of research activities have been carried out to develop millimeter-wave generation and transport techniques, which include the optical generation of low phase noise wireless signals and their transport overcoming the chromatic dispersion in fiber. Several techniques have been investigated so far which are classified into the following four categories. For more detailed discussion of the advantages and disadvantages of the techniques refer to [2] [7].
1. Optical Self-heterodyning. In the optical selfheterodyning technique, two wavelengths are carried over an optical fiber to a BS in which one wavelength acts as a reference and the other carries signals modulated by user data, and the difference between them is the frequency of the millimeter-wave emitted from the BS antenna. A benefit of this approach is that it overcomes the chromatic dispersion effect. A MAC protocol applicable to a system using the above techniques is proposed in the next section.
MAC protocol

System setup
The simple structure of the BS and 60 GHz wave characteristics leads to a centralized network architecture with many picocells, where most of the BS functions of conventional WLANs are shifted to the CS. Every room in a building is covered by at least one picocell, each having its own BS ( Fig. 1 (a) ). It becomes immediately obvious, that in such system with high number of very small cells, the issue of efficient mobility management has a very special significance.
We assume that the system works in frequency division duplex (FDD) mode, since most optic-wireless converters developed thus far support this mode [4] - [6] .
By subdividing the total system bandwidth, £ ¥ ¤ (frequency) channels are obtained ( Fig. 1 (b) ), where
are used for down-link transmission and the other ¤ channels
are used together to support FDD operation, where
) are for down-and up-link transmission, respectively. Note that the bandwidth -i.e. the frequency spectrum -assigned to the uplink and to the downlink does NOT have to be identical, making it possible to support asymmetric traffic. In addition, the time axis is also subdivided into time slots of equal length and ¤ time slots are grouped into a frame. . . . The total system bandwidth is subdivided into £ ¤ channels, where
are the total system bandwidth, the channel bandwidth and the guard bandwidth, respectively, (c) and (d) show frequency switching (FS) patterns for down-and up-link when the number of channels is five.
Basic operation
The MH is assigned a pair of channels ¤ is five. During every frame time, each of the ¤ time slots and ¤ channels is utilized once and only once. Note that the picture resembles a chess board, we shall therefore refer to the MAC protocol introduced in this paper as Chess Board Protocol, shortly CheBo Protocol. An important issue is that adjacent picocells must not use identical FS patterns to avoid possible co-channel interference. And one FS pattern can be used in several picocells if they are spaced far enough that there is no co-channel interference between them. For proper operations using FS patterns, we assume that the system is synchronous, i.e. all system components, especially the CS and the MH have the same notion of the time slots. The synchronous operation of all cells, however, is enabled by the centralized architecture. A sketch of the operation may be the following. Since the CS may initially measure the round-triptime (RTT) to any BS, it is then possible to transmit downlink slots towards that BS g h i h i p ¥ £ in advance. This leads to a fully slotted system.
In order to explain the CheBo operation in detail we will first discuss the slot format. Fig. 2 shows down-and up-link slot formats and essentially, they have the same format. The down-link slot begins with a MAC address indicating the destination of the slot. Besides individual MAC addresses an additional address ANY having the semantic of a broadcast address to all MHs in the picocell which happen to listen to the given channel and slot is introduced (please note, that as NOT all the stations will follow each channel and slot, there is no obligation to listen to slots with the ANY address). This MAC address is followed by a permission field, which authorizes transmission of the MH specified in the MAC Address in the following up-link slot. The next field is for down-link payload, destined to the MH specified by the MAC address. Finally the last field, consisting of another MAC address and reservation confirmation has a more complex meaning: it confirms the request for bandwidth assignment obtained by the CS from the addressed MH, but without immediate authorization for sending.
The up-link slot consists of two parts. The first one is used for uplink data transmission and it consists of MH's MAC address, PIGGYBACK field, and PAY-LOAD field. The second part is for reservation and it must not be used by the MH currently using the the first part but may be used by any other MHs having data to send, and not being assigned bandwidth in this channel so far. If the PIGGYBACK field is set, it means that MH still has more data to send and requests assignment of one more slot, and non-setting this field indicates that no further usage of the channel is requested.
Each PAYLOAD field (both up-link and down-link) consists of at least one, possibly several packets. Each packet has a data field and a frame check sequence (FCS) field. Several small-size data packets can be packed into an up-link slot. On the other hand large data units may have to be fragmented into several uplink slots.
To request a permit for up-link transmission on some channel, the MH sends a request to the CS, using the reservation field in any slot in this channel (Fig. 2) . The reservation request must include the MAC address of the requesting host, and, optionally, a requested bit rate. Specifying the bit rate allows the CS to make proper long term reservation. Not specifying the bit rate states a request for one single slot (please note, that while using this single slot, another one, not necessarily adjacent, might be requested by setting the PIGGYBACK field, just allowing to request a series of slots on a per demand basis, rather than based on a priori bit rates).
After having sent a request the MH expects the reservation result in one frame time from the downlink channel. This reservation result can have one of three possible forms. Either an immediate permit to send is given, or a reservation confirmation without permit to transmit can be made. The latter one might include a channel identifier, meaning that the request will be satisfied but in a different channel than the one in which it has been requested. In this case the MH has to tune to the channel, and wait there for the permit to transmit. Finally the third option -a reservation reject denotes that the request cannot be satisfied. In this case the MH might decide to make another request some time later. This should be a rare event, only in the case of system approaching temporarily capacity saturation. If neither of this happens, the MH assumes that the reservation has not been received by the CS. More precisely it might indicate one of several possible events, e.g., collision of the requests or a transmission error of the request. In that case the MH will retransmit a request following a collision resolution scheme such as q -persistent algorithm. Details of this collision resolution scheme will not be discussed here.
Once a MH has been allocated a channel, it can keep using it by setting the piggyback field until its transmission buffer is empty provided it stays in the same picocell.
Notice that the MAC protocol allows more than one BS using different FS codes to be employed in a picocell to increase system capacity. A MH could use more than one up-link slot in a frame time in this case.
Mobility support
Let us now discuss the mobility support. Please note, that as long as a MH remains tuned to a certain channel (frequency pair) and time slot pair, i.e., listening on the down-link channel, the MH knows precisely that a slot from the CS should appear every frame time ¦ U T 6 r s so that it can expect the time instances at which down-link slots arrive.
However, when it moves into an adjacent picocell using a different FS pattern, the MH will receive the down-link slot in an unexpected time instance. Thus the MH can easily realize -within at most a single frame time (T % r ) ! -that it moved into another picocell. Furthermore, using the following slot for the uplink transmission the MH can and should make a request for transmit permission/reservation in the new pair of time slots! Please note, that the CS knows that the MH with this MAC address has been transmitting previously in a different picocell, so it is possible a) to treat such request with higher priority than requests for new reservations and b) release any possible reser- 
Initialization
When a new MH comes into the system the first action it has to take is to select a channel randomly and keep listening on the down-link frequency. Within at most T r , it will receive a down-link data. After having that it can send in a following slot on an up-link a first reservation request for up-link transmission permits.
Six variants of the MAC protocol
Six variants of the MAC protocol, classified into two groups, are considered in the paper as shown in Table  1 . In the first group (group A), MHs are assumed not to have a capability to change channels during operation, whereas MHs in group B are assumed to be able to change channels.
MAC 1 is the simplest in which the CS allows a single channel to be used by only one MH, and it has no queue for requests. When the channel is being used, further requests are blocked. In particular, if a MH moves to a picocell in which "its" channel is already used, there is no way to continue transmission, and the MH has to behave like it would enter the system -meaning stochastic selection of another channel and trial.
The second MAC -MAC 2 -is similar with the only difference, that the CS does store requests for "busy" channels rather than rejecting the request, and when the channel is released the CS assigns it to a MH waiting in the queue, under the first-come firstserved policy. In MAC 3 interleaved usage of slots in a single channel by several MHs is possible. Slots might be assigned using a simple round-robin fashion thereby assuring equal portion of the capacity to each candidate MH, or following a weighted round robin, with respect to the reservation parameter.
Essentially group B MACs are similar to those in group A, with the difference, that in the case of group B MACs attempt to find capacity in other channels, not only in the channel on which the request has been issued. It can be expected that group B MACs will outperform group A MACs on the expense of increased complexity. 
Parameters of the MAC protocol
The proposed MAC protocol has two major parameters: (1) the number of channels ¤ and (2) the slot size t " u . Some constraints on the two parameters are discussed in this section.
The number of channels
We can consider an upper bound for the number of channels ¤ . It comes from the relationship in the frequency domain between the total system bandwidth, the channel bandwidth and the guard bandwidth ( Fig. 1 (b) ), and it is given by
For a given total system bandwidth of 5 GHz and a desired user data rate (7 h Y 5 E S @ C E ) being equal to 100 Mbit/s (assuming a 1 bit/Hz coding efficiency, Fig. 3 indicates the maximum number of channels vs. the user data rate with different
Slot length
From the assumption that a MH receives the reservation result in the next frame after it sends a request, we can derive a simple relation for the slot length given by is the maximum number of channels. Suppose a MH sends a request at the end of an up-link slot to the CS at time T 1 x , then the CS receives the whole packet at time T y 1 z T i h B Q . Note here that the reservation result must be available at the MH before the rest ¦ U ¤ n 2 packets are transmitted. After processing for reservation ¦ C T h S B % H the CS transmits downlink packet, which will be received completely at time Fig. 5 shows minimum handover latency vs. user data rate.
Conclusion
This paper describes characteristics of RoF WLAN system operating in the 60 GHz band and proposes a MAC protocol for it. Because of the millimeterwave property and simple BS structure, the system requires an architecture quite different from the conventional WLAN systems. The proposed MAC protocol is based on frequency switching (FS) codes allowing fast and simple handover. Six variants of it were proposed and their major parameters were examined. We presented an upper bound for the number of channels, a lower bound for the slot length and the handover latency as a function of a chosen per user data rate and overall system capacity.
